Hybrid materials such as biomimetic platelet-matrix composites are in high demand to confer low weight and multifunctional mechanical properties. This letter reports interfacial-bond regulated assembly of polymers on cement-an archetype model with significant infrastructure applications. We demonstrate a series of 20þ molecular dynamics studies on decoding and optimizing the complex interfacial interactions including the role and types of various heterogeneous, competing interfacial bonds that are key to adhesion and interfacial strength. Our results show an existence of an optimum overlap length scale ($15 nm) between polymers and cement crystals, exhibiting the best balance of strength, toughness, stiffness, and ductility for the composite. This finding, combined with the fundamental insights into the nature of interfacial bonds, provides key hypotheses for selection and processing of constituents to deliberate the best synergy in the structure and materials of platelet-matrix composites. Published by AIP Publishing. https://doi.org/10.1063/1.5017200 Natural materials such as nacre are primarily biocomposites that are lightweight and exhibit an excellent balance of mechanical properties and multi-functionality far beyond their constituents. [1][2][3] In some rare cases, minerals constitute >95% of the material's volume as in nacre 4 or tooth enamel. 5 With such a high level of minerals, despite being fragile, these materials are tough, durable, and damage tolerant and produce "quasi ductile" behavior. For instance, nacre is made of 95% aragonite, a brittle mineral, but demonstrates a toughness that is $3000 times larger than aragonite with the expense of a minor reduction in stiffness. 6 The quest for understanding and mimicking how nacre, teeth, and other highly mineralized biological materials generate such outstanding mechanical performance despite the weakness of their constituents has long been an engineering pursuit. In this context, one very promising area is engineering bio-inspired synthetic cement-polymer composites for infrastructure applications (e.g., creating earthquake resistance concrete for buildings). This is because the major binding phase of cement hydrate is a layered structure, so-called calcium-silicate-hydrate (C-S-H), 7,8 a mineral analogous to aragonite that typically shows a brittle behavior.
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Natural materials such as nacre are primarily biocomposites that are lightweight and exhibit an excellent balance of mechanical properties and multi-functionality far beyond their constituents. [1] [2] [3] In some rare cases, minerals constitute >95% of the material's volume as in nacre 4 or tooth enamel. 5 With such a high level of minerals, despite being fragile, these materials are tough, durable, and damage tolerant and produce "quasi ductile" behavior. For instance, nacre is made of 95% aragonite, a brittle mineral, but demonstrates a toughness that is $3000 times larger than aragonite with the expense of a minor reduction in stiffness. 6 The quest for understanding and mimicking how nacre, teeth, and other highly mineralized biological materials generate such outstanding mechanical performance despite the weakness of their constituents has long been an engineering pursuit. In this context, one very promising area is engineering bio-inspired synthetic cement-polymer composites for infrastructure applications (e.g., creating earthquake resistance concrete for buildings). This is because the major binding phase of cement hydrate is a layered structure, so-called calcium-silicate-hydrate (C-S-H), 7, 8 a mineral analogous to aragonite that typically shows a brittle behavior. [9] [10] [11] [12] Converting C-S-H to a hybrid polymer/C-S-H composite along with the associated assembly processes, 13 akin to those of nacre, can potentially confer the needed ductility (or toughness) but is a challenge. This is mainly because of the lack of a fundamental understanding of the interface of the C-S-H and polymers, which has eluded many scientific and engineering efforts to maximize the synergy of parent materials in mechanical performance.
Polymer-cement composites are among matrix-modified cementitious materials which have high potential for mechanical property enhancement. [14] [15] [16] [17] Another advantage is that the polymer phase prevents the access of aggressive ions to the micropores of cement, thus enhancing its durability and sustainable performance. 18 Other applications of polymers in cement include modifying grinding energies of cement crystals. [19] [20] [21] [22] The majority of recent research on polymermodified cementitious composites have been limited to develop more effective techniques to enhance organo-mineral interactions. 15, 18, [23] [24] [25] This is in part due to a limited understanding of the cement structure and its chemistry and in part because of the complex interaction mechanisms of organicinorganic phases in polymer cementitious materials. 26 As successful characterizations and experimental probes are becoming available, 27, 28 computational methods can provide key insights into understanding and optimizing the intercalation of the organic phase with the inorganic matter.
Herein, we present a comprehensive MD study on decoding the complex interfacial interactions of polymers and cement with a particular focus on finding the optimum overlap length of the polymers and cement, followed by balancing the mechanical properties such as strength, toughness, stiffness, and ductility. Our model system is a platelet-matrix structure [Figs. 1(a) and 1(b)], which is abundant in nature materials such as nacre where the layered stiff aragonite is arranged in parallel with a soft polymer matrix in between. This layered pattern is a flagship architecture in both natural and biomimetic composites in enhancing mechanical performance. 29, 30 We created a series of polymer-cement composites by putting a soft matrix consisting of polymer strands between tobermorite crystallites, a crystalline analog of C-S-H, akin to aragonite [see Fig. 1 . Successful incorporation of both polymer types in C-S-H have been previously reported. 15, 25 PVA has fewer branches than PAA, and it is thus probably easier to bond with tobermorite and form a strong bond. On the other hand, the existence of two different oxygen atoms in PAA (as opposed to the one in PVA) enables PAA to be a donor as well as receiver in hydrogen bond formation.
First, we classify and quantify the heterogeneous Hbond formations and their relative strengths at the polymertobermorite bonding interface. A H-bond forms between a highly electronegative atom as the donor (D) with bounded hydrogen and another polar atom as the acceptor (A). A H-bond is typically defined based on the geometric and/or energetic criteria. A widely used geometric criterion for a H-bond in the triangular HDA bonding formation ( Fig. 2 ) is when R < 3:5Å and b < 30 , where R is the distance between the acceptor and donor atoms and b is the angle between D-A and D-H rays. 31 While this criterion may be appropriate to describe H-bonds in bulk water, we adopt an energetic criterion based on two-dimensional (2D) potential of mean force (PMF) to reduce arbitrariness in defining Hbonds in more complex systems such as polymer-cement. In this criterion, there is a lowest energy basin at short distances for each 2D PMF plot that is constructed based on different choices of angles and distances. This basin corresponds to the H-bonded states and is separated by a saddle point from another higher-energy basin that relates to the non-H-bonded states. Then, the boundary for the H-bond can be delineated by the equipotential contour that passes through the saddle point. Mathematical PMF is quantified as 32, 33 
where T is temperature and k B is the Boltzmann constant. g HDA R; b ð Þ is the angular-radial distribution function, showing the probability distribution of R and b in the formation of HDA. To obtain PMF plots, the polymer chains are initially located on the top of the silica chains with a distance more than a typical H-bond length to prevent initial H-bonding. After molecular dynamics relaxation 34, 35 and investigating PMF plots for various pairs, we found that there are 6 and 8 types of H-bonds in PVA-tobermorite and PAA-tobermorite, respectively, as shown in Figs. 2(a) and 2(b) (to be discussed shortly). This figure illustrates the distribution of H-bonds with varying R and b using the PMF plots. The basins and saddle points are obvious in each PMF panel (labeled by white color "B" and "S" letters, respectively). For each panel (e.g., Op-Ow panel), the first atom is the donor and the second atom is the acceptor.
To distinguish the heterogeneity of H-bond strengths in the polymer-tobermorite systems, we calculated the intermittent H-bond Time correlation function (TCF), which is a suitable means to characterize the dynamics of H-bonds. 31 Using a normalized TCF, the rearrangement time necessary for H-bond formation in a donor-acceptor pair (i.e., O P -O) is quantified as: 
where, d t ð Þ ¼ n t ð Þ À n h i. n t ð Þ takes either values of one for H-bonded pairs and zero for not bonded pairs at time t. The presence of an H-bond is determined using the H-bond definition explained before. n h i is the average value of n t ð Þ over all the pairs and time origins. 36 
(d) and 2(e)].
While the interfacial H-bonding (Op-O) will be the principal focus of this work, we can rank all the hydrogen bonds from the strongest to the weakest in our systems. In the case of PVA-tobermorite, this ranking is as follows:
In view of the above and Fig. 2 , we note the following:
(1) The oxygen atom of the hydroxyl group in PVA (OP) can act as both an acceptor and a donor, likewise the oxygen atom of interlayer water molecules in tobermorite (OW). The oxygen atom of the silica chain in tobermorite is always the acceptor (O). With these atoms, six types of possible H-bond formations are available for the PVA-tobermorite interface. (2) In addition to the oxygen atom of the hydroxyl group (OP), PAA has another type of oxygen atom which is doublebonded to a carbon atom (OC) and can only be an acceptor; therefore, PAA-tobermorite forms eight types of H-bonds. (3) Aside from the strong intrinsic intra-molecular H-bonding (Op-Op) in both PVA-and PAA-tobermorite systems, the oxygen atom of polymer and the oxygen of silicates make the strongest interfacial H-bonding.
(4) For stronger H-bonds, it is desirable to have smaller values of R and b. All the PMF plots show high probability for b < 30 and R ¼ 2:4-3:0Å, confirming the presence of the H-bonds at the polymer-tobermorite interface. (5) While PVA can only make H-bonds, PAA is charged and can participate in salt bridging (two noncovalent interactions, e.g., hydrogen bonding and electrostatic interactions). This makes the H-bonding network in PAA-tobermorite more complex, as seen by complex PMF plots in Fig. 2(b) and the relatively competing TCF profiles in Fig. 2(e) . (6) Unlike other pairs, O P -O C in PAA are shown to mostly bond at 90 , arising from covalent-boding of O P and O C to a carbon atom within individual PAA strands. Now that the adhesion of the polymer-tobermorite is proved and quantified, we study the mechanical properties associated with these adhesions using 10 different overlap lengths (from 26 Å to 230 Å ) with the goal of finding the optimum overlap length, akin to the nacre and other biological materials which optimize their mechanical properties around a critical overlap length. 37, 38 Our simulation setup resembles a representative volume element of a platelet-matrix structure [ Fig. 1(a) ]; thus, it is expected that similar results and trends be observed for the large system [ Fig. 1(b) ]. Figure 3 shows a typical snapshot of a steered molecular dynamics simulation (see Methods in the supplementary material) in which polymer strands slide at the interface while pulling the top tablet. This pulling causes formation and breakage of several Hbonds, which in turn induces extra ductility.
The presence of multiple stress peaks in Fig. 3 is due to the slip-stick motion, a series of sliding of the polymer strands which results in reduction of stress and large deformation (slip), followed by reformation of H-bonds and increase in stress (stick). This behavior significantly increases toughness of the system. Note that in this paper, we use the energy definition of the "toughness," which is described as the amount of the energy per volume a material absorbs before it fails, i.e., area under the stress-strain curve. 34, [39] [40] [41] [42] [43] 46 Although related, this definition is different than the classical definition of fracture toughness with the unit of Pa m 0.5 . Within the multiple peaks in force-displacement plots, the first stress peak is typically larger. As seen in the snapshots of Fig. 3 , while the middle tobermorite is pulled along, the opportunity for H-bonding decreases because fewer polymers and less interface area are available. The first stress peak, therefore, represents the strength of the system. Other mechanical properties are also derived from the stress-strain plots. Stiffness is defined as the slope of the first stick stage. The strain is calculated by dividing the horizontal displacement ½dx in Fig. 1(a) ] of the pulled atoms by the overlap length (L). While the ultimate ductility and toughness are higher due to the slip-stick motion, for consistency with the above representation, we consider strain and elastic energy density when the first stress peak is achieved. The analytical expressions for the toughness (W total ) of a unit cell of an archetype platelet-matrix composites (with dissimilar platelets) is 29, 33 
where G is the shear modulus of the polymer, sðxÞ is the shear stress across the overlap length L, r 1 ðxÞ and r 2 ðxÞ are the axial stresses within the top and bottom tobermorite, b 1 and b 2 are the thicknesses of the top and bottom tobermorite platelets, and E 1 and E 2 are the elastic moduli of the top and bottom tobermorite platelets. Obviously, in our case, the platelets are identical; thus, r 1 x ð Þ ¼ r 2 ðxÞ and b 1 ¼ b 2 and E 1 ¼ E 2 To study the influence of the overlap length on the complex H-bonding and thus the mechanical properties of the composites, we kept the thickness of the tobermorite (b) constant while varying the overlap length L by creating tobermorite supercells with varying unit lengths. In Eq. (3), toughness is defined as the elastic energy density, which is composed of two parts: shear strain energy associated with the shear deformations of the matrix (polymer) and the axial strain energy associated with the axial deformations of the platelets (tobermorite). The sum is the toughness, which corresponds to the area under the stress-strain curve until the first H-bond rupture (shaded area in Fig. 3 ). Figure 4 clearly shows that strength and stiffness increase with the overlap length, L, and eventually saturate, albeit with different rates. Increasing both ductility and strength helps increasing toughness (the area under the stress-strain plot). The inverse relationship of ductility and strength versus L suggests that toughness is maximized at a finite length. This is confirmed with the results shown Fig. 4 , in line with the theoretical prediction for such optimized toughness at critical length scales of platelet-matrix composites. 29 In view of Fig. 4 and given that each mechanical property behaves differently with increasing overlap length, L, the optimum overlap length, L opt , to balance the mechanical properties in the given architecture of tobermorite-PVA would be L $ 120Å and for tobermorite-PAA is L $ 150Å. These length scales suggest that PVA/PAA-cement composites would exhibit their best combination of strength, toughness, stiffness, and ductility when the cement mineral has a finite lateral size (here $12-15 nm). This optimum length scale ensures that there is no significant compromise in inversely related properties such as strength and toughness. In other words, values more than 15 nm may marginally increase strength, but there will be a significant drop in ductility and/or toughness [c.f. Figures 4(a) and 4(c) ]. Similarly, values that are much smaller than the optimum length will lead to a sacrifice in both strength and toughness since there is no sufficient overlap for stress transfer. Around the optimum length, not only toughness is optimized but both strength and stiffness exhibit highly satisfactory values ($80%-90% of their saturation values). This combination of properties represents an excellent balance in mechanical properties, an attribute that is key to the mechanics of several natural platelet-matrix composites. The underlying physical reason behind the existence of this optimum overlap length lies in the opposite behavior of the shear and axial strain energies of the system versus kL, as shown in the inset of Fig. 4(c) . Theoretical studies 29, 33 have shown that the shear strain energy associated with the polymer deformation decreases as the overlap length increases while the axial strain energy associated with the platelets increases and then saturates. Given that the toughness is the sum of the shear and axial strain energies, the aforesaid opposite trends lead to an optimum spot (finite kL), hence maximizing the toughness. This fundamental insight can assist experimentalists to optimize their composite design. For instance, one can tune the synthesis conditions and processing routes to yield cement building blocks with a desired platelet length and/or select appropriate polymer types with right molecular weight. In fact, our group recently synthesized de novo cement building blocks with various shapes and sizes, 44 paving the path towards the bottom-up design and assembly of cement-matrix composites. Such a strategy in composite design would guarantee the highest chance of synergy in the merger of the structure and materials in conferring multifunctionality in synthetic platelet-matrix composites.
In summary, this study provided new fundamental insights into decoding and optimizing the key interfacial interactions in biomimetic platelet-matrix composites. By modeling two common polymers (PVA and PAA) on a typical cement model, we provided a deep understanding of the heterogeneity, strength, and competing mechanisms of forming hydrogen bonds in each system and rank their strengths. In both systems, aside from the strong intrinsic intramolecular H-bonding within the polymer (Op-Op), the oxygen atom of polymer and the oxygen of silicates make the strongest H-bonding, governing the interfacial adhesion of the organic and inorganic phases. While PVA can only make H-bonds, PAA is charged and can participate in salt bridging, making the H-bonding network more complex. By closely monitoring the synergy of the structure and materials for various overlap lengths, we identified the optimum overlap length for the chosen architectures to be L $ 120Å for the PVA-cement and L $ 150Å for the PAA-cement model. Such optimal lengths enable balancing mechanical properties of polymer/cement composites. Broadly, this work can have implications for other damage-tolerant composites made of hard and soft building blocks but arranged in different architectures. 2, 5, 45 See supplementary material for detailed methods.
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